Membrane bioreactor (MBR) process was employed to study the effect of biological phosphorus removal (bio-P removal) and P-content in treated sludge with increased phosphorus concentration present in the wastewater. Further, the following four test fractions of raw wastewaters was obtained having different P-concentrations viz., run 1: P-20 mg/L, run 2: P-40 mg/L, run 3: P-60 mg/L, run 4: P-80 mg/L. The effective P-removal obtained for these four test fractions were found to be 23.07 mg/L (98.17%), 41.35 mg/L (88.16%), 45.75 mg/L (72.04%) and 55.80 mg/L (66.82%) respectively for run 1, 2, 3 and 4 fractions. Moreover, the similar increase in phosphorous concentration i.e., from 20 to 80 mg/L caused an apparent increase in total solid (TS) values from 7 to 8.3 g TS/L, whereas the total volatile solid (TVS) content remained constant (i.e. 4.5 g TVS/L). These results inferred that the proportion of TVS in the TS decreased from 70 to 55%. Moreover, by increasing the initial P-concentration from 20 to 80 mg/L, the corresponding P-proportion of excess sludge was increased from 2 to 6.2%.
INTRODUCTION
Enhanced biological phosphorus removal (EBPR) process from wastewater is based on the enrichment of activated sludge with phosphate accumulating organisms (PAOs) (Ahmed et al. ) . A high P-removal efficiency can be achieved by excess sludge having higher P-content (Mulkerrins et al. ) . Randall et al. (a) reported a high P-content of 8.4% (dry weight) in the biomass for EBPR process treating a municipal wastewater which contains 11 mg P/L and 250 mg COD/L with a 14-day solid retention time (SRT). Similarly, Comeau et al. () obtained the higher P-content of 7.6% g P/g MLSS in an EBPR system treating wastewater containing 60 mg P/L and 1550 mg COD/L with a 20-day SRT. Jardin & Pöpel () reported that EBPR led to an increased phosphorous concentration even up to 7% TS (total solid). They operated a system with settled wastewater in the range of 1.5 to 6.5% TS (mean effluent value of 3.3 mg P/L over the entire trial periods). Moreover, Mino et al. () also reported that a sludge with very high P-removal capacity could contain a P-content of 8 to 12.5% P/VSS (volatile suspended solids) (no indication of P-concentration in effluent or wastewater source). Another significant degradation occured when P-content reached approximately 6% P/TS. This further degradation performance relates to a release of soluble phosphate in the effluent. This indicated that P-content cannot be increased without impacting significantly on the P-removal efficiency. Also, it is expected that P-removal can be maximized through the EBPR process with a suitable and optimum P-content that could be strongly related to an optimum SRT (Panswad et al. ; Geng & Hall ) . The majority of studies on EBPR have been carried out having low-phosphate content in the wastewaters, with few attempts to apply biological systems for influents containing >20 mg P/L (Seviour et al. ) . It was suggested that the limited phosphate loadings suppressed the development of PAO which led to the establishment of glycogen-accumulating organisms (GAO) with PAO established in a MBR process under P-rich loading conditions, whereas GAO dominate under limited P-loading conditions (Rodgers & Wu ) .
The objective of this investigation was intended to test the EBPR process MBR technologies. Experiments were conducted to discuss the amount of accumulated biomasses in the TS for increased P-concentration in the wastewater along with the effect of P-removal. Hence, the P-content was continually increased and was introduced with the influent wastewater solution using a membrane pump in the MBR reactor. Figure 1 shows a schematic diagram of the MBR pilot plant. The MBR pilot plant was developed with an option having a post-anoxic zone. The total volume of the reactor can be varied between V R ¼ 210 to 300 L at a time.
MATERIALS AND METHOD

MBR-pilot plant
The filtration system was obtained from Memcor, Australia. It included one immersed hollow fibre PVDF (polyvinylidene fluoride) membrane module, fitted in the membrane tank (pore size 0.2 μm, and membrane area of 8.9 m 2 ). The plant included sucessive anaerobic, anoxic, and aerobic zones. Depending upon the configurations tested, the anoxic and aerobic zones consisted of 3 to 4 reactors. The volume ratio between anoxic and aerobic zone was 55:45 for the MBR pilot plant. Relatively higher anoxic volume was allowed for the MBR plant, as lower denitrification velocities were expected. The sludge return and recycle ratios were set up in the MBR pilot plant at 100% from the anoxic to anaerobic reactor (R1), 400-500% from the membrane reactor to the aerobic zone (R2). The summary of the MBR plant operation conditions is summarized and presented in Table 1 . The MBR pilot plant was seeded with return sludge from the Berlin-Ruhleben wastewater treatment plant (WWTP). The plant with a total hydraulic retention time (HRT) of 21 hours and sludge age of 15 days was initially maintained.
Sampling and analysis
The raw wastewater was mixed with the additional phosphorous content i.e., 20 mg P/L (run 1), 40 mg P/L (run 2), 60 mg P/L (run 3) and 80 mg P/L (run 4) as in the form of concentrated neutral dipotassium phosphate (K 2 HPO 4 )/monopotassium phosphate (KH 2 PO 4 ), and hence the rate of P-removal was monitored for such increase in phosphorous concentration. During the 4 hr aerobic/ anoxic phase, the pH was kept constant as 7.5. By contast, the pH was not controlled during the 2 hr anaerobic phase, because the pH was always found below 7.5. The calculation of P-removal was obtained by subtracting the p-release from the p-uptake.
All the analyses were done according to DIN (German Institute for Standardization) (DIN ) in the certified Laboratory of the Berliner Wasserbetriebe. Sludge was taken up as a lump Sample. The determination of the phosphorus-concentration of the mixed liquor (P-content) was done after dilution (1:50) and oxidation with persulfate and heat (Dr. Lange kits).
Characterization of raw wastewater
The MBR plant was fed with the raw wastewater of Berlin-Ruhleben WWTP, screened through 1mm punch holes (rotary drum). The Berlin-Ruhleben WWTP is one of the two largest WWTP in Berlin (∼1,600,000 E.P.). represents the characteristics of the wastewater used for the present investigation over the entire trial period.
The raw wastewater analyzed was very favorable for the implementation of nutrient removal in general, and EBPR in particular. The COD/N/P ratio was on average 100/8.5/1.3, therefore an excess of 100/20/2 is recommended for nutrient removal in activated sludge plants. Moreover, the residence time in the sewer catchments was long and favored fermentation mechanism and production of Volatile Fatty Acids (VFA), primary source of carbon for EBPR and denitrification. The VFA content in the influent was measured to be 70 mg/L, and the BOD 5 /TP and BOD 5 / PO 4 ratios were high enough. The PO 4 /TP ratio was also in the higher range for municipal wastewater. Lastly, calcium, potassium and manganese were not limiting for EBPR (hard water), and iron was naturally present in the raw water.
Procedure of batch test
Samples were collected from the MBR pilot plant for batch tests. The first sample of batch tests was drawn immediately after the reaction start, and subsequent samplings were done with definite time interval. Based on previous observations, fixed parameters in this experiment included a 120 min of anaerobic phase, 280 min of aerobic phase and minimum 1,000 min of anoxic phase.
RESULTS AND DISCUSSION
Effect of increasing P-concentration on P-removal Table 3 represents the experimental data obtained for the different test solutions having different concentrations of phosphorous i.e., the samples known as run 1, run 2, run 3 and run 4. P-release followed the F/M ratio, not the initial concentration of phosphorous. The F/M ratio refers to the ratio between the organic loading rate to an activated sludge system and the mass of sludge in the system (Bitton ) .
The F/M ratio for both run 1 and run 3 was 0.09 g COD/g TS, and P-release was 10.70 mg/L (for run 1) and 10.25 mg/L (for run 3), which showed slightly different values. In run 4, the F/M ratio was 0.10 g COD/g TS and P-release was 21.30 mg/L, and in run 2, the F/M ratio was 0.06 g COD/g TS and P-release was 5.05 mg/L. Looking at the relationship between the F/M ratio and P-release overall, it was observed that the F/M ratio affected the P-release. Low F/M ratio always represents a critical condition for sludge bulking (Rossrtti et al. ) . Scheer & Seyfried () reported that 0.1-0.3 g COD/g TS is an optimum ratio of F/M in an EBPR. If the ratio of F/M is too high, part of the influent flows out without processing, and if too low, the internal respiration rate of activated sludge gets higher, leading the removal rate to decrease.
The P-uptake obtained for four fractions, run 1, 2, 3 and 4, were found to be 33.77, 43.40, 56 and 77.10 mg/L, respectively. Despite a very low value of P-release in run 2 (5.05 mg/L) compared to run 1 (10.70 mg/L), the value of P-uptake in test 2 (43.40 mg/L) was more than that in run 1 (33.77 mg/L). P-uptake is not only dependent on the PHB (poly-hydroxy-butyrate) content of the biomass, but also on the maximum poly-P storage capacity of the cells (Choi & Lee ). The P-uptake increased about 7-8% with every increasing 20 mg/L of P-concentration. Figure 2 represents the P-removal process in the MBR and shows that the progress of P-uptake was accomplished more rapidly at higher initial concentration. Also, the concentration of effluent phosphorus was higher at higher initial concentration (not all phosphorus was consumed).
However, quantitatively, P-removal was found to be 23. 07, 38.35, 45.75, and 55 .80 mg/L respectively for runs 1, 2, 3 and 4. Hence based on the initial concentration of phosphorous the corresponding percentage of the total P-removal was found to be 98.17%, 88.16%, 72.04% and 66.83%. This showed that the P-removal decreased with the increase of the initial P-concentration. However, the bio-P removal was found to be 17. 30, 19.06, 17.54, and 18 .68% respectively for runs 1, 2, 3 and 4. This indicated that these fractions possessed a slight different bio P-removal which is apparently independent of increased P-concentration. This might be explained because, when PAOs grow, they not only consume more phosphorus for cellular components but also accumulate larger quantities of poly-P within their cells. Therefore, if PAOs are selectively enriched by the EBPR, the configuration may enable it to increase the enhanced level of P-removal considerably from the wastewaters.
Effect of TS with increasing of P-concentration
Further, the poly-P content of sludge is considered to be an essential factor relating to energy storage in the bio-P removal system (Trusell et al. ) . The P-content of the sludge also has an effect on acetate metabolism, as reported by Liu et al. () . It was suggested that the microbial population of sludge with a lower P-content may consist of species other than PAOs, such as GAOs that do not release phosphate during acetate uptake. The P-content of sludge was reported to be in the range of 4.1-15.6% under enhanced mixed-culture conditions (Lobos et al. ) . In this experiment, the P-concentration in the sludge was increased with the increase in phosphates from 150 to 510 mg P/L. This indicated that the 360 mg P/L in the excess sludge corresponds to approximately 900 mg (HPO 3 )n/L. The TS-content in excess sludge increased at the same time from 7 to 8.3 g TS/L; whereas the TVS content remained constant (i.e. 4.5 g TVS/L) for approximately the same phosphorous level. The increased rate of TS (TS start /TS sludge *100) were 68.83% for run 1, 70.95% for run 2, 73.02% for run 3 and 77.54% for run 4. Run 4 was shown 8.71% more TS than run 1 fraction. Similarly, the comparable percentage TVS (TVS start / TVS sludge *100) was calculated as 65.78, 65.55, 66.80 and 69.64% for runs 1, 2, 3 and 4, respectively. Hence, Run 4 has shown 3.86% more TVS than run 1. This showed that the TS and TVS increased along with the increase of the initial P-concentration. Figure 3 clearly shows the increasing P-content in sludge, with increasing initial P-concentration from 20 to 80 mg/L, increasing 5 mg/L of P per day from day 10. The corresponding P-proportion of the excess sludge increased from 2 to 6.2%.
CONCLUSIONS
The effect of P-removal and P-content in sludge with increased P-concentration in the wastewater on MBR process was studied. P-release followed the F/M ratio irrespective of the initial P-concentration. Further, increase in phosphorous from 20 to 80 mg/L in the MBR caused an increase in the TS of 1.3 g TS/L (7 to 8.3 g TS/L); whereas the TVS content was almost constant (i.e. 4.5 g TVS/L). Morever, for similar increase in phosphorous content the P-removal was decreased from 98.1 to 66.83%. However, by contrast, bio-P removal was independent of the phosphorous content increase. This indicated that these fractions possessed a slightly different bio P-removal which is independent of increased P-concentration. 
